How brains encode social stimuli and transform these representations into advantageous 25 behavioral responses is not well-understood. Here, we show that social isolation activates an 26 oxytocinergic, nociceptive circuit in the larval zebrafish hypothalamus. We further demonstrate 27 that chemical cues released from conspecific animals modulate its activity to regulate defensive 28 behaviors and appetite. Our collective data reveals a model through which social stimuli can be 29 integrated into fundamental neural circuits to mediate adaptive behaviour. 30 31 32 33 34
INTRODUCTION
Bottom: Social isolation significantly activates OXT-expressing brain regions. Here, the mean pERK 84 signal was calculated per fish across the specified ROIs. Data for other stimuli was also included in Wee 85 et al (2019) 6 . Adjusted p values for social isolation: ***p = 0.00084 (OXT PO ), *p = 0.03 (OXT PT ), 0.42 86 (whole brain). Wilcoxon signed-rank test relative to a median of 1, Bonferroni correction. (gray, n = 993 neurons from 12 fish), isolated (pink, n = 931 neurons from 11 fish), isolated but exposed 111 to visual cues of conspecifics through a transparent barrier (red, n = 902 neurons from 12 fish) or isolated 112 but exposed to non-kin-conditioned water (blue, n = 866 neurons from 11 fish) or kin-conditioned water 113 (orange, n= 856 neurons from 12 fish). Isolated fish had significantly higher OXT neuron pERK activation 114 than fish in a group (***p = 2.6x10 -35 ). Isolated fish presented with visual conspecific or non-kin water 115 cues also had significantly higher OXT pERK activity than fish in a group (***p = 4.8x10 -15 and *p = 0.027 116 respectively), whereas kin water did not significantly change OXT neuron activity relative to fish in group 117 (p = 0.67). All cue types significantly reduced OXT neuron activity relative to isolated fish (***2.8x10 -6 118 (visual), ***6.3x10 -26 (non-kin), ***2.0x10 -34 (kin)). Kin water induced significantly-lower OXT neuron 119 activity relative to non-kin water (*p = 0.012). Both kin and non-kin water reduced OXT neuron activity 120 significantly more than visual cues (***p = 2.9x10 -15 and ***p = 2.6x10 -9 respectively), two-sided Wilcoxon 121 rank-sum test.
As a step toward elucidating the nature of the social signal, we compared OXT neuronal 123 activity in animals exposed to the separated visual or chemical cues of a social environment. 124
We find that water conditioned by prior exposure to conspecific larval fish (see Methods) 125 reduced the elevated OXT neuronal activity observed in socially isolated fish, whereas visual 126 exposure to conspecific larval fish (maintained in a separate water enclosure) had minimal 127 effect ( Fig. 1c-d ). We also examined the effect of water conditioned with similarly-aged sibling 128 (kin) fish in relation to similarly-aged fish of a different strain background (non-kin). Both 'kin' 129 and 'non-kin' conditioned water was sufficient to reduce OXT neuron activity ( Fig. 1c-d ), but the 130 effect of kin water was significantly stronger (Fig. 1d ). Nearby OXT-negative neurons in the PO 131 and PT area were also suppressed by conspecific-conditioned cues ( Supplementary Fig. 1 ). 132
Thus OXT and PO/PT neural activity in larval zebrafish is increased during brief (2 hr) social 133 isolation, and this activity is equivalently (and rapidly, see We next turned to in vivo calcium imaging to acquire a temporally precise record of OXT 139 neuronal activity. Imaging was performed on larvae in which UAS:GCaMP6s was driven directly 140 in OXT neurons with an oxt:Gal4 driver ( Fig. 2a ). Tethered 8-11 dpf fish were subjected to either 141 conditioned or control water released in 10 second pulses. We show that pure water flow, which 142 represents a mechanosensory stimulus, mildly activated OXT neurons, whereas water that had 143 been conditioned by prior incubation with larval fish triggered an immediate relative reduction of 144 OXT neuronal activity ( Fig. 2a ,e-f). We next tested whether OXT neuron calcium activity also 145 discriminates between kin and non-kin conspecific cues 14, 15 . To that end, OXT neuronal 146 activity was compared between sibling-conditioned water (kin water') and water conditioned by 147 larvae of a distinct genetic background 16 ('non-kin water'). We also examined water conditioned 148 by the presence of adult kin, which is potentially an aversive predator cue, as adult zebrafish 149 consume their own young. To minimize the effects of familiarity, conspecifics used to generate 150 conditioned cues were raised apart (in a different dish) from experimental fish. 151
Since water-borne chemical cues likely act as odorants, we included the olfactory bulb 152 (OB) in the areas specifically interrogated for changes in neuronal activity upon exposure to 153 these cues. When examined via labeling with the pan-neuronal GCaMP line HuC:GCaMP6s 154 ( Fig. 2a-d , Supplementary Fig. 2 ), each of the three conditioned water types (kin, non-kin and 155 adult kin) generated overlapping but distinct activity signatures within the OB and OXT 156 populations ( Fig. 2 ). As expected, kin water led to a relative reduction of the OXT neuron 157 response ( Fig. 2e-f ). Adult water, on the other hand, led to a net increase in OXT activity with 158 longer lasting dynamics, correlating with similarly longer lasting olfactory responses ( Fig. 2c , e-159 f). Notably, non-kin water was less effective in reducing OXT neuron activity than kin water, and 160 it elicited much weaker OB activity ( Fig. 2f , also compare Fig. 2b to 2e ), suggesting some subtle 161 differences between kin and non-kin water effects that had also been observed with pERK 162 imaging (compare with Fig. 1d ). 163 between kin and non-kin water. Right: overlap between kin and adult water. We did not image all 3 cues simultaneously. Red = enhancement, Blue = suppression, White = no change, based on difference 216 threshold of 0.05. Approximately one third of neurons suppressed by kin water were also suppressed by 217 non-kin (40%) and by adult water (36%). In addition, a common subset of neurons activated by kin water 218 were also activated by non-kin (76%) and adult (90%) water. However, 24% and 35% of kin water-219 suppressed neurons were alternatively activated by non-kin and adult-conditioned water, respectively.
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FIGURE 2 165
221
OXT neurons are diverse in their circuit connectivity 8,17-19 and responses to social 222 deprivation ( Fig. 1 ) and nociceptive input 6 . To further resolve this heterogeneity, we used 223 calcium imaging to classify individual OXT neurons into populations that either reduce or 224 increase their activity in response to water-borne conspecific cues. We found that, across a 225 range of thresholds, the fraction of OXT-positive neurons whose activities were suppressed by 226 larval kin-conditioned water was consistently higher than the fraction of neurons that were 227 activated ( Fig. 2g ). Non-kin-conditioned water, in contrast, induced equivalent neuronal fractions 228 with increased or suppressed activities. Water conditioned by adult fish triggered a greater 229 fraction of neurons with enhanced activity (Fig. 2g ). Under all conditions, activated or 230 suppressed neurons were spatially distributed throughout the OXT-positive PO and PT 231 domains, instead of being segregated into distinct areas ( Fig. 2h-i) . Further, the specific 232 response properties of individual neurons to one conspecific cue did not predict strongly how 233 they would respond to alternate cues, although we observed that kin water-activated OXT 234 neurons tended to also be commonly activated by other conspecific (non-kin or adult) cues (Fig  235   2j ). The heterogeneity of the population suggests that OXT neurons as a group are able to 236 differentially encode these stimuli and provide a basis to discriminate between them in affecting 237 behavior. 238 239
Conspecific cues suppress nociceptive OXT circuits and defensive behavior 240
Social buffering is a widely-observed phenomenon in which the presence of conspecifics 241 ameliorates the effects of aversive experience 20,21 . We previously showed that a large fraction of 242 OXT neurons are activated by noxious stimuli and drive defensive behaviors, specifically 243 through brainstem premotor targets that trigger vigorous large-angle tail bends 6 . Given that most 244 of the OXT circuitry appears to be suppressed by water-borne social cues derived from closely-245 related conspecifics, we posited that these cues might reduce the nocifensive behavior induced 246 by the stimulation of TRPA1 receptors. Indeed, increased swim speed triggered by nociceptive 247 TRPA1 receptor activation was significantly ameliorated by the presence of kin-conditioned 248 water ( Supplementary Fig. 3 ). Consistent with the idea that this reduced nocifensive response 249 involves the suppression of OXT neurons, kin water significantly also reduced the peak tail 250 angles of responses to TRPA1 stimulation in tethered fish (**p = 0.0081, n = 16 fish, Fig. 3a-b ). 251 
272
Neurons that show kin water-induced suppression are significantly more correlated to TRPA1 motor and 273 stimulus regressors (***p = 7.2x10 -5 (stim), ***p = 9.3x10 -5 (motor stim ), but not spontaneous movement 
298 299
To further tie nociceptive responses to social modulation of OXT neurons, we examined 300 the effect of conspecific cues on the subset of OXT neurons that respond to TRPA1 stimulation. 301
As we had previously done 6 , each neuron's calcium activity was correlated with stimulus and 302 motor regressors ( Fig. 3c ). For motor regressors, we further classified responses into those that 303 occured within 5 s of the stimulus (motor stim ) or at other time points in the experiment (motor spon ). 304
Individual OXT neurons were then subsequently grouped according to whether they displayed 305 suppressed or enhanced TRPA1 responses following kin water presentation. We found that kin 306 water-suppressed neurons had significantly higher (right-shifted on the graph shown in Fig. 3d ) 307 correlations with TRPA1 stimulus and motor stim regressors. Indeed, among OXT neurons that 308 had high TRPA1 responsiveness (r > 0.35; 13% of OXT neurons), a larger fraction of neurons 309 were suppressed (55%) rather than activated (33%) by kin water ( Supplementary Fig. 4 ). 310
However, when less stringent criteria was used to define TRPA1 responsiveness (e.g. r 311 > 0.20, Fig 3f) , the ratio of kin water-suppressed to kin water-activated OXT neurons increased 312 even further ( Fig. 3d-e , also see Supplementary Fig. 4) , indicating that the bulk of kin water-313 suppressed OXT neurons are only moderately-responsive to TRPA1. When we included these 314 moderately-responsive OXT neurons in our analysis, we observed a clear divergence from 315 baseline activity before TRPA1 activation, which was induced by water flow alone (Fig. 3f, top  316 right panel), suggesting that these kin water-suppressed OXT neurons had both a water flow-317 induced and TRPA1-specific response. Thus many kin water-suppressed OXT neurons are not 318 only responsive to TRPA1 stimulation, but also to other potentially aversive stimuli such as 319 water flow. 320
Notably, kin water was sufficient to reduce responses to both water flow and TRPA1 321 stimuli (even when accounting for baseline differences; Fig. 3f, top right panel) . Further, these 322 kin water-suppressed neurons also tended to be more posteriorly-distributed, consistent with the 323 idea that they correspond to parvocellular, hindbrain-projecting neurons which drive motor 324 output 6 (Fig. 3g) . In contrast, OXT neurons that showed enhanced activation under exposure to 325 kin water were more highly-selective for TRPA1 activation, and did not show apparent 326 responses to water flow (Fig. 3f, bottom right panel) . Thus, the reduced nocifensive responses 327 of larval fish observed in the presence of social cues is directly reflected in the suppressed 328 activity of a subset of TRPA1-responsive neurons within the OXT circuit. 329
330
OXT neuronal activity suppresses appetite in a conspecific cue-dependent manner 331
In mammals, social isolation is associated not only with increases in aversive behavior, but also 332 with a reduction in positive-valence behaviors such as feeding 22 . To determine if this is also the 333 case in larval zebrafish, we first made use of an established and quantitative food intake assay 334 that measures gut fluorescence intensity caused by the ingestion of fluorescently-labeled 335 paramecia 23-25 (Fig. 4a ). In this assay, larval fish were food deprived for a period of two hours to 336 increase appetite 23-25 , either in isolation or in the presence of conspecific fish (Fig. 4a) . 337
Subsequently, animals maintained under either of these two conditions were presented with 338 large excess of fluorescently labeled paramecia. Notably, fish maintained in isolation consumed 339 significantly less paramecia (i.e. food) than those kept in small groups. Additionally, when group size was varied from 2 to 5 individuals, food intake per capita was observed to scale with group 341 size (Fig. 4b) . Finally, we observed that water-borne cues from closely related larval fish (kin 342 fish), but not visual cues, were sufficient to rescue the isolation-induced suppression of food 343 intake ( Fig. 4c) . 
397
Given that social isolation increases neuronal activity in a subset of OXT-positive 398 neurons and also suppresses food intake, we asked if OXT neurons are required for the social 399 control of appetite. To this end, we chemogenetically ablated OXT neurons in larvae expressing 400 bacterial-nitroreductase specifically in OXT-positive neurons, by incubation them from 5 to 7 dpf 401 (while still in a group of conspecifics) with the prodrug metronidazole (MTZ). This treatment 402 resulted in a loss of ~80% of nitroreductase-labeled preoptic OXT cells (unablated = 20.3 ± 1.1 403 neurons, ablated = 4.5 ± 0.5 neurons; n = 20 control fish, 29 fish with ablation). At 8 dpf, these larvae, or MTZ-treated non-expressing controls, were then separated either into groups of 3 or 405 isolated, and assayed for feeding as described above. 406
We found that OXT neuron ablation enhanced food intake in isolated animals, while the 407 food intake of fish maintained in a group was unchanged (Fig. 4d) . Consistently, addition of an 408 OXT receptor antagonist strongly increased food intake in isolated fish (Fig. 4e) , whereas OXT 409 agonists strongly suppressed food intake of fish kept in a group (Fig. 4f) . These results indicate 410 that OXT signaling is both necessary and sufficient to mediate the social modulation of food 411 intake observed in socially isolated fish. 412
Lastly, we compared food intake in OXT homozygous null mutant animals with their 413 heterozygous siblings. As expected, we found that null mutant animals did not modulate their 414 food intake on the basis of social environment, whereas the behavior of their heterozygous 415 siblings was indistinguishable from that of wild type animals. However, mutant animals had low 416 food intake in both the isolated and the group setting (Fig. 4g) . Thus, as with acute ablation of 417 OXT neurons, social modulation of feeding was impaired. However, the generally low food 418 intake in these fish might reflect long-term deficits in circuit activity that altered the development 419 or maintenance of neural circuits involved in socially modulated behaviors. In summary, these 420 results demonstrate that, similar to nocifensive behaviors, larval zebrafish OXT neurons are 421 necessary and sufficient for social state modulation of appetite. 422
423
DISCUSSION 424
Larval zebrafish are generally not thought to exhibit robust social interactions, aside from simple 425 behaviors such as rudimentary avoidance of other larvae 26 . However, we found that even brief 426 (2 hr) social isolation results in distinct neural signatures that correlate with aversive and 427 nociceptive brain circuits, including activity in the preoptic area, posterior tuberculum, caudal 428 hypothalamus and, notably, populations of oxytocin (OXT)-positive neurons. This is consistent 429 with the results of a recent study (Tunbak et al, preprint online 27 ) that described increased 430 activity in the preoptic area as a result of long-term social isolation in older (juvenile, 21 dpf) 431 zebrafish. Thus, in an intriguing parallel to humans 28 , we note that pain and social isolation 432 exhibit a shared neural signature in the larval zebrafish brain that is likely to extend also to older 433 animals in this species. 434
Extending the analysis of the OXT-positive population revealed that these neurons are 435 functionally diverse and modulate distinct behavioral outputs, including feeding and nocifensive 436 escape responses (see also Wee et al, 2019 6 ). We thus propose a circuit mechanism by which 437 the larval zebrafish integrates conspecific social cues into the modulation of defensive and 438 appetitive behaviors (Fig. 3h ). Our data suggest that OXT neurons (and likely other preoptic 439 populations; Supplementary Fig. 1 ) encode a range of chemical social information via olfactory 440 inputs ( Supplementary Fig. 2) , which then becomes the basis for the modulation of nocifensive 441 and appetitive behavioral outputs. Indeed, our data reveal that the presence of conspecifics, 442 and specifically conspecific chemical cues, significantly increases appetite and reduces 443 nociceptive responses (Fig. 3 & 4) . At the circuit level, OXT neurons displayed a variety of 444 responses to these chemical social cues, which could thus uniquely signal the presence of adult 445 fish (known predators), genetically-related animals (larval kin), or distantly-related (larval non-446 kin) conspecifics. Importantly, we show that kin cues induced the most widespread inhibition of 447 OXT neurons (Fig. 2) , while the same OXT neurons can be either excited or inhibited by other 448 cues, suggesting multimodal and valence-specific tuning. Notably, conspecific cues increase the 449 activity of a small subset of OXT neurons that appear to be more sensory in nature suggesting 450 that these could drive anxiolytic or anti-nociceptive effects, consistent with traditional views of 451 OXT function 3 . 452
In humans and other mammals, it is known that social cues, including odors, can 453 attenuate aversive experience and behaviors, a phenomenon known as "social buffering" 20,21 . 454 Social facilitation of appetite has also been observed in many species 29 , and is likely 455 evolutionarily adaptive. In general, an isolated animal needs to shift its priorities from foraging to 456 vigilance or escape, since it may be more susceptible to the risk of predation. Accordingly, adult 457 zebrafish display isolation stress in a group size-dependent manner 30 . We had previously shown 458 that OXT neurons respond to a range of aversive, particularly noxious stimuli, and are sufficient 459 to drive motor responses by acting on brainstem targets 6 . By demonstrating that chemical social 460 cues converge on this circuit, and that kin cues, in particular, predominantly diminish the activity 461 of TRPA1-responsive, parvocellular OXT neurons, we provide a potential mechanistic 462 understanding of how the OXT circuit can mediate the phenomenon of "social buffering" in a 463 vertebrate organism 31 . 464 Furthermore, our demonstration of a suppressive effect of OXT on appetite corroborates 465 a series of mammalian research findings: 1) The insatiable appetite and morbid obesity 466 observed in Prader Willi Syndrome is likely due to impaired OXT signaling 32,33 ; 2) Acute 467 inhibition of paraventricular OXT neurons can promote food intake 34 ; 3) Lesions of the PVN, as 468 well as mutations that affected OXT neuron development, have been shown to cause 469 hyperphagia and obesity 35,36 , and; 4) Direct administration of OXT has been shown to reduce 470 feeding 4,5 . At the same time, our data suggests that the role of OXT in feeding may be more 471 complex than previously appreciated. Notably, while OXT homozygous mutants do not show 472 social state-dependent modulation of appetite, they also eat less than their heterozygous 473 siblings, implying that a complete absence of OXT may be detrimental towards feeding. 474
Our data further highlight the profound influence of social context on OXT's appetite-475 suppressing effects, which may very well generalize to mammals. For example, a recent study 476 found that inhibiting OXT signaling enhances sugar intake in a socially dominant mouse 477 regardless of their social context, whereas in subordinate mice, such inhibition only enhanced 478 appetite when cues from the dominant mouse were not present 37 . Our results also complement 479 the observations of strong interactions between social and feeding circuits across evolution 38 , 480 and reinforce a role for OXT in prioritizing various motivated behaviors 4 . However, effects of 481 OXT in larval zebrafish may occur as part of a coordinated response to both social isolation and 482 noxious contexts, rather than reproduction or parental care. 483
We do note some important distinctions between our findings and the canonical view of 484 OXT function as suggested by mammalian studies, the most significant of which is that the 485 larval zebrafish OXT neurons show widespread activation by social isolation, rather than by 486 cues indicating the presence of conspecifics 2,39 . We propose three possible reasons for these 487 Furthermore, given that noxious stimuli and social isolation both activate the OXT 500 population, an enhancement of OXT signaling may in fact represent a negative valence state in 501 larval zebrafish, rather than the rewarding experience it is generally associated with. 502
Interestingly, recent studies in mammalian models have demonstrated that OXT neurons can 503 also be negatively reinforcing, and promote fear, stress and anxiety in some situations 1, 40 . Thus, 504 this study could provide an evolutionary perspective on the ancient functions of this highly-505 conserved peptide and how they relate to our current understanding of them in mammals. 506
In conclusion, our study demonstrates how organizing principles and circuit 507 implementation strategies underlying social behavior can be elucidated by probing social 508 context-dependent behaviors in a small and optically accessible model organism. More broadly, 509 our dissection of the larval zebrafish OXT circuit provides an entrypoint into understanding how 510 neuromodulatory systems represent behavioral states such as social isolation, hunger, and 511 acute nociception, on multiple timescales, and how these representations are then used to 512 modulate behavioral output in a flexible and context-dependent manner. 513 514 515
METHODS 516
Fish husbandry and transgenic lines 517
Larvae and adults were raised in facility water and maintained on a 14:10 hr light:dark cycle at 518
28°C. All protocols and procedures involving zebrafish were approved by the Harvard 519
University/Faculty of Arts & Sciences Standing Committee on the Use of Animals in Research 520
and Teaching (IACUC). Fish were raised at a density of ~40 fish per dish and fed from 5 dpf till 521 the day of the experiment. Behavioral experiments were carried out mostly on fish of the WIK 522 background, although other genotypes (e.g. AB, or mit1fa-/-(nacre) in the AB background) were 523 also utilized and showed similar behavioral results. mit1fa-/-(nacre) in the AB background, 524 along with additional transgenes described below, were also used for calcium imaging and 525 MAP-mapping experiments. Transgenic lines Tg(oxt:GFP 41 , Tg(UAS:GCaMP6s) 42 , 526
Tg(UAS:nsfbCherry) 43 , Tg(HuC:GCaMP6s) 44 , Tg(oxt:Gal4) and oxytocin mutants 6 were 527 previously published. 528 529
MAP-mapping 530 7-8 dpf larvae, that had been continuously fed with an excess of paramecia since 5 dpf, were 531 either isolated or split into small groups, using 35 mm dishes filled with 3 ml embryo water. For 532 groups of 10, a larger (10 cm) dish was used to prevent overcrowding. Paramecia was present 533
within each dish to ensure that the fish were well-fed and had ample stimulation. After 2 hrs, 534 larvae were quickly funneled through a sieve, which was then quickly dropped into 4% 535 paraformaldehyde, immunostained, imaged and analyzed as described in Randlett et al. 536 (2015) 11 . 537
Exposure to sensory cues for high-resolution pERK experiments 538
For generation of conspecific-conditioned water, sibling or non-sibling larvae that had been 539 continuously fed with an excess of paramecia from 5 dpf were transferred into a new 10 cm petri 540 dish that did not contain any paramecia, at a concentration of 2 fish per ml. After a 2 hr 541 incubation, a syringe with an attached 0.45 µm filter was used to very gently suck out the 542 conditioned water, with great care taken not to disturb or stress the fish in the process. 543 544 7-8 dpf larvae, that had been continuously fed with an excess of paramecia since 5 dpf, were 545 either isolated or split into small groups, using 35 mm dishes filled with 3 ml embryo water. 546
Paramecia was present within each dish to ensure that the fish were well-fed and had ample 547 stimulation. 700 µl of the filtered conspecific-conditioned water was added to each 35 mm dish 548 (~1:5 dilution), 30 min before fixation, and embryo water was correspondingly added to controls. 549
For providing visual access to conspecifics, the 35 mm dishes containing single larvae were 550 inserted into larger (55mm) dishes containing ~5 larvae that thus be surrounding but unable to 551
interact with the single larva. After 2 hrs, larvae were quickly funneled through a sieve, which 552 was then quickly dropped into 4% paraformaldehyde, dissected in PBS and immunostained as 553 described in Wee et al, 2019 6 . 554 555
High resolution pERK analysis 556
For quantification of pERK/tERK ratios over individual OXT neurons, pERK experiments were 557 performed on dissected Tg(oxt:GFP) brains. Cellular-resolution imaging of dissected brains was 558 obtained using the Zeiss (LSM 700 and LSM 880) or Olympus (FVB1000MPE) confocal 559 microscopes. pERK/tERK intensities of individual GFP-positive neurons were measured using 560
ImageJ and quantified using MATLAB as reported in Wee et al, 2019 6 . Analysis code is also 561 available on www.github.com/carolinewee 562
Social feeding experiments 563
For experiments in which feeding was assessed, larvae that had been continuously fed with an 564 excess of paramecia from 5 dpf were either isolated or placed in groups of 3, in 35 mm dishes 565
(3 ml embryo water), in the absence of food. After 2 hours, fluorescent-labeled paramecia was 566 added followed by a quick fixation after 30 min (full protocol is described in Wee et al, eLife, 567 2019 25 ). Sensory cues were generated and presented as described above for pERK 568 experiments. Fixed larvae were subsequently distributed into 96-well flat-bottom dishes and 569 imaged using the AxioZoom V16 (Zeiss) and analyzed using Fiji software (3D Objects Counter, 570 custom software also available on www.github.com/carolinewee) 571 572
Calcium imaging and olfactory stimulation 573 8-11 dpf larval Tg(oxt:Gal4;UAS:GCaMP6s) fish in the nacre background were used for calcium 574 imaging experiments. They were embedded in the center of a 55 cm dish in 1.5% agarose with 575 their tails and noses freed. 576 577
Kin or non-kin conditioned water (at a concentration of 1 fish/ml) were generated as described 578
above. In these calcium imaging experiments, we used WIK fish as non-kin fish, since the 579 Tg(oxt:Gal4;UAS:GCaMP6s) fish we imaged were of the AB genetic background. For adult 580 water, 5 adult kin (from parent tank of larvae) were used to condition 500 ml of water (1 adult  581 fish/100 ml) for 2 hrs, and also subsequently filtered. Kin and non-kin fish used to condition 582 water were raised apart from experimental fish from 3 dpf, to dissociate genetic from familiarity 583 efects. 584 585
Alternating olfactory stimuli were delivered using a custom-built syringe pump system controlled 586
by custom Labview software. At specified time intervals, 300 µl of each cue (~30 µl/second) was 587 delivered using a zero-dead-volume multi-channel perfusion pencil (AutoMate Scientific). 588
Embryo water was also constantly circulated through the dish using a peristaltic pump (Harvard 589 Apparatus). The interstimulus interval (ISI) was 2 minutes for olfactory bulb imaging and 5 590 minutes for OXT neuron imaging. The longer ISI for OXT neuron imaging was implemented to 591 reduce desensitization and ensure that activity truly returned to baseline before presenting the 592 subsequent stimulus. In order to reduce experiment time and avert the possibility of OXT 593 neuron desensitization, we also never compared responses to more than 2 cues (e.g. either kin 594 vs non-kin, or kin vs adult, but not all 3 stimuli). 595 596
Calcium imaging and behavioral monitoring with TRPA1 stimulation was performed as 597 previously reported 6 on 8-10 dpf larvae, with a number of core differences: 1) 15 µM instead of 598 25 µM Optovin (Tocris Bioscienes) was used, to reduce background signals (see below) 2) 599 nostrils are exposed to allow for olfactory stimulation 3) the same UV stimulus intensity used 600 throughout the experiment, and only 4 stimulations were presented (alternating kin and water). 601
Since, in addition to the tail, the nose was exposed in this current paradigm, Optovin, a colored 602 solution, was rapidly absorbed into the fish's brain and caused a linear increase in background 603 signal (i.e. even in non-GCaMP-labeled tissue) over time. Post-hoc subtraction of this 604 background signal from OXT GCaMP signals restored a flat baseline, allowing us to extract 605 meaningful calcium signals. 606 607
Data analysis 608
All calcium imaging data was analyzed using custom ImageJ and MATLAB software. The 609 general protocol for analysis was: 1) Image registration to correct for motion artifacts using the 610 TurboReg 45 plugin in ImageJ; 2) Extraction of fluorescence signals from both channels using 611 manually-segmented ROIs in MATLAB or on a voxel-by-voxel basis 3) Calculation of Δf/f signals 612 from raw traces and alignment to tail traces, as needed, in MATLAB. 613 614
For fish expressing Tg(UAS:GCaMP6s) exclusively in oxt-expressing neurons, ROIs were 615 drawn over all visible cells in a maximum projection image for each plane and raw fluorescence 616 traces were extracted as the mean pixel value within the ROI. Other analysis was done on a 617 voxel-by-voxel basis, rather than using cell segmentation, which would exclude responses from 618 neuropil that are abundant in the OB and forebrain. Δf/f values were calculated from raw traces 619 using the average fluorescence over the time period before the first stimulus as the baseline to 620 which all traces were normalized. 621 622
Behavior, stimulation and calcium imaging timestamps were aligned and used to extract 623 stimulus-triggered averages as well as to generate motor and stimulus regressors to correlate 624 with calcium activity. The regressors were convolved with a GCaMP6s kernel based on its 625 measured response delay (0.48 s) and decay time (3s, based on Chen et al. (2013) and cross-626 correlated with calcium traces that had been smoothed with a 3-frame zero phase filter. In order 627
to determine if an OXT neuron was activated or suppressed, we averaged the calcium signal 628 over a 60s interval post-stimulus for each stimulus type. If the difference between the two 629 integrated calcium signal during olfactory and water stimulation was more than 0.05, we 630 classified the neurons as being either activated or suppressed by the cue depending on the 631 sign. Although the threshold of 0.05 is arbitrary, we show that across a range of thresholds, the 632 relationship between the proportions of suppressed and enhanced neurons remains consistent 633
